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Quter Supporting Frame

The blue, outer supporting frame became a necessity when three additional chambers were added to
the original six. A nine member conical frame by itself was incapable of bearing the high stresses
associated with this new loading configuration. Additional supporting steel was needed and for
simplicity, an extension of the preexisting frame was designed.

The outer support frame was first analyzed to determine how much deflection would occur
under only its own weight. it was found that in the X, Y, Z, directions respectively, the
displacements were: -.828", -.826", -.811" at the top, outermost point. The maximum stress
occurred on element # 237 and was 5464 psi (combined stress).

Since the outer frame was being relied on to support the inner conical frame, the outer frame
was analyzed separately with concentrated loads representing the individual conical frame sections
and muon chambers. Gravitational effects were also applied. The maximum stressed element was
element # 237 with a combined stress of 17,520 psi. in reality, these stresses would be much
lower because the inner conical frame would, with the outer frame, act as one frame and would be
much stronger and rigid. The maximum displacements at the top, outermost pointinthe X, Y, Z
directions respectively were: -2.765", -2.777", -2.706".

Maximum allowable stresses were calculated using KL/r criteria for tube sections and angle
brackets in the supporting frame. All maximum frame stresses were calculated to be below
allowable stress.

Weld calculations were performed on TS 10x6x1/2 and TS 6x6x1/2 members. Joint # 236
was the worst connection of two TS 10x6x1/2 beams. Attached calculations determine the adequate
weld size to be 1/8" full penetration. It should be noted that 1/4" all-around full penetration
welds will be utilized for construction. The same 1/4" welds will be used on ali TS 6x6x1/2
connections even though it was calculated that 1/16" welds were adequate.

Again it shouid be emphasized that these calculations were based on the assumption that the
inner, conical frame was contributing nothing to the strength and rigidity of the entire combined
structure. This was done to show that the outer structure was capable of securely supporting the
non-typical loading scheme found in CMEX, so that even during periods of construction or
adjustment of the inner frame, the entire structure will not fail.
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32 1/ INTRODUCTION

Load and Resistance Factor Design (LRFD)

As discussed in Sec. 1.8, the factors for overload are variable depending upon
the type of load, and the factored load combinations that must be considered
are those given by the ANSI Standard {1.2] and LRFD-A4.1, and presented as

type of member and with the limit state being considered. Some representative
resistance factors ¢ are as follows:

Tension Members (LRFD-D1)

¢ =0.90 for yielding limit state
% =0.75 for fracture limit state

Compression Members (LRFD-E2)
¢. = 0.85

Beams (LRFD-F1.2)
é; = 0.90

Welds (LRFD-Tabie J2.3)
¢ = same as for type of action; i.e., tension, bending, etc.
Fasteners (A325 boits) (LRFD-Table J3.2)
¢ =10.75 for tensile strength
¢ = 0.65 for shear strength

In order to establish adequate safety using probabilistic methods the
natural logarithm of the resistance R divided by the load Q, that is, In(R/Q)
as shown in Fig, 1.8, may be treated as a random variable and is simpler
than working with two groups (R and Q) of random variabies as in Fig. 1.8.1.
When In(R/Q) < 0, the limit state has been exceeded, and the shaded area in
Fig. 1.8.2 is the probability of this event. The method used to develop LRFD
uses the mean values R, and Q.. and the standard deviations o and o, of the
resistance and load, respectively. Frequently, the mean values and standard
deviations can be estimated while the actual distributions cannot be obtained,
Thus, using the quantities that may be estimated the standard deviation o of
the In(R/Q) may be approximated as

Stacrs0) = Y Vi+ V; (1.9.3)

where ¥V = o,/R,,
V.Q = GQ/ Qm
The margin of safety is the distance from the origin to the mean, as shown

in Fig. 1.8.2, and is expressed as a multiple 8 of %1a(rs0)- The distance

RNy
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Use top angle
L4 X4 %3 X o'-4"
8
A - %-in. weld on taes
Wan x o9 !
1 T \ /1!/ 2
~M~3 4
o — 4
\______- 5 12 8
: G
-]
18 kT3
B .
8
|
1"‘ "-“'

7

Figure 13.4.5 Design for Example 13.4.1.

Use %-in. weld with L = 18 in. Use stiffener plate, X7 X 1"-6”; and seat

Plate $X7 X 1'-0”. The seat plate width equals the flange width (10.45 in,)
plus enough to easily make the welds (approx. 4 times the weld size is often
used). The final design is shown in Fig. 13.4.5. '

13.5 TRIANGULAR BRACKET PLATES

When the stiffener for a bracket is cut into a triangular shape, as in Fig.
13.4.3b, the plate behaves.in a different manner than when the free edge is
parallel to the direction of applied load in the region where the'greatest stress

A F_ = 0.6b Top piate
il P
1z
| be
] L\Loaded edge i
a ¢
l ™~ Free etige
. [~ Supparted edge
] f—

Figure 13.5.1 Triangular bracket plate.

e
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13.5 /TRIANGULAR BRACKET PLATES ~ 879

occurs, as in Fig. 13.4.5. The triangular bracket plate arrangement and
notation are shown in Fig. 13.5.1.

The behavior of triangular bracket plates has been studied analytically by
Salmon [13.29] and experimentally by Salmon, Buettner, and O’Sheridan
[13.30] and design suggestions have been proposed by Beedle et al. [13.31). For
smail stiffened plates to support beam reactions there is little danger of
buckling or failure of the stiffener if cut into a triangular shape. In general, it
provides a stiffer support when so cut than if left with a rectangular shape,

Most Exact Analysis and Design Recommendations

For many years design of such brackets was either empirical without benefit of
theory or tests, or when in doubt, angle or plate stiffeners were used along the
diagonal edge. The recommendations presented here are based on certain
assumptions: (1) the top plate is solidly attached to the supporting column;
(2) the load P is distributed (though not necessarily uniformly) and has its
centroid at approximately 0.65 from the support; and (3) the ratio b/a,
loaded edge to supported edge, lies between 0.50 and 2.0.

The original theoretical analysis was concerned with elastic buckling;
however, the experimental work showed that triangular bracket plates have
considerable post-buckling strength. Yielding along the free edge frequently
occurs -prior to buckling, at which point redistribution of stresses occurs. A
considerable margin of safety against collapse was observed indicating the
ultimate capacity may be expected to be at least 1.6 times the buckling load.

The maximum stress was found to occur at the free edge; however,
because of the complex nature of the stress distribution, the stress on the free
edge is not obtainable by any simple process. Because of this difficulty, a ratio
z was established between the average stress, P/bt, on the loaded edge to the

. maximum stress f,_ . on the free edge. The original theoretical expression

[13.29] for z was revised as a result of the tests [13.30] which conformed
closely to what one could realistically expect in practice. The relationship is
given [13.30] as

P/bt

z ==
. fm&x
which for practical purposes may be obtained from Fig. 13.5.2.
The nominal strength P, when the free edge reaches the yield stress is
P, = Fzbt (13.5.2)
For the plate buckling limit state, the width/thickness ratio »/f must be
restricted in accordance with a relationship of the type of Eq. 6.16.4,

b  constant
—_ g — (13.5.3)

. b b 2 b 3
=139 - 2.2(—) + 1.27(") - 0.25(—) (13.5.1)
a a 41

,'.‘;ya..';-

‘.".' t;:..,_‘ e
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P
030 al t = thickness
&
B
58
gt o2 .
£
I
N
0.10
L]
1
0 05

For 0.5 1.0 b 20 13.5.4a)*
or.aas., IS—E (13.5.4a
b b 250(b/a
For10< — < 2.0; -x (13.5.4b)*
a 4 lfﬁ;,

Satisfying the above limits means that yielding along the diagonal free edge
will occur prior to buckling, and with conservatism compared to the welded
tests, as shown by Fig. 13.5.3.

*For SI units, with F, in MPa,
For0.5 < 2 Lo, 2.5 13.5.42)
oriy = — Ay - P |
‘ 2™ : ‘,f;;’ (
’ b b 656(b/a
Forlf0< - <20, - (b/a) (13.5.4b)
a : 1/5; :

e

b

e

&

ﬁ ‘ﬁﬁ'mg e
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800}
L Fixed
F edges (theory) /
700|— /
—Y /| / /
/
ro “—Welded brackets
b t = thickness / / (tests}
600} /
’ b / ’
\ / /

5 -
0o N~ /

Suggested
design curve

L[+

-

300
-
-~ - I ed
Simply supported ges
200~ - {theory)
100 -
l ] l |
0.5 1.0 1.5 2.0

bla

Figure 13.5.3 Critical b/r values so that vield stress is reached along diagonal free
edge without buckling,

It is noted that the 4 /1 limits suggested here are higher than those of Ref.
13.31 (p. 552), which were based solely on the theoretical studies [13.29].
Reference 13.31 suggests a coefficient of 180 instead of 250 in Eq. 13.5.4 and
reaches a maximum of 300 instead of 500 as indicated by Eq. 13.5.4b for
b/a = 2.0. The reason for the higher values is found in the test results which
showed the principal stress along the diagonal free edge to be lower relative to
the stress on the loaded edge than had been established by the theoretical
study. In other words, the value, Eq. 13.5.1, as determined by tests is
substantially smaller than assumed for the design suggestion of Ref. 13.30.

Plastic Strength of Bracket Plates

Reference 13.31 suggests that to develop the full plastic strength of brackets
the b /¢ ratios should be restricted to about } of those limitations for achieving

Y ,_J-\h.*.
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[ = proportion of critical
saction in compression
at plastic strength

e

R/ S

=
7/

F, = Frsin’afV4e? + p? — 2e) (13.5.5)

In addition to the triangular plate being adequate, the top plate must
carry the nominal load P cot a.

to carry a factored lIoad of 60 kips. Assume the load is located 15 in. from the
face of support as shown in Fig. 13.5.5, and that A36 material is used. Use
Load and Resistance Factor Design,

SOLUTION

P, = Fyzbt [13.5.2]

Since this is a compression situation, the design strength ¢F, should be
equated to P,. It may be reasonable to use the ¢ for compression; ¢, = 0.85,
From Fig. 13.5.2, b/a =25/30 = 1.25, find z — 0.135. Then the strength

PR P S



135/ TRIANGULAR BRACKET PLATES 883 .

’ vz Z | - bsine/4 = 6.2~
o
a=20" P
y
|~
l_. % Ld/
b= 25— Figure 1355 Bracket for Exampie
A 13.5.1.

requirement gives
P,=¢pP = 0.85F,zbt = 60 kips

P, 60

t= = =0.58i
$F,zb  0.85(36)(0.135)25 =
The stability requirement, Eq. 13.5.4b, gives
byF, 25y36
/% = 0.48 in.

"% 20(b/a) ~ 500125

Use 3-in. plate.
(b) Plastic strength method. Using Eq. 13.5.5 for the strength require-
ment,

P
t> =
. 9Fsin*alVae? + b2 — 2

Using e = 15 ~ 25/2 = 25 in.,
60

> = 025 in.
0.85(36)(0.39)|y4(2.5)" + (25)° - 2(2.5) J

t

For stability, using one-half of Eq. 13.5.4b

5F, a5y
= 125(b/a) ~ 125(1.25)

= {0.96 in.

Use 1-in. plate as a conservative practice to assure deformation weil beyond
! first yield along the free edge.
The authors note that if a 1-in. plate is just stable enough to inhibit
buckling until the plastic strength is obtained, that strength would be 4 times
(1.0,/0.25) the factored load P,
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FERMILAB

RESEARCH DIVISION / MECHANICAL DEPARTMENT - MS#221
WILSON HALL 13TH FLOOR - PHONE: (708) 840-4710 FAX : 840-2950

November 19, 1991

TO: Safety Review Panel for CMEX UPGRADE
TN :
FROM: DONALD V. MITCHELL
SUBJECT: Shear stress in Super-Structure Connection Joint

This analysis has been performed to answer the safety panel's
questions: What is the shear stress on the connection bolts in the flange
which connects the upper CMEX frame to the lower CMEX frame? Is it below
the allowable stress limit?

To answer these questions, | had to look into several possible
situations that may lead to shear stress in the connection boits.

CASE #1: If the flange plates slide across each other under bending
conditions induced by a large moment, a shear stress will develop; but only
if the sliding distance is greater than the gap between the bolt and the steel
plate. This will be analyzed by calculating deflections of the steel plates.

CASE #2: Same as Case #1, but the gap is assumed to be zero and the
analysis is performed using Finite Element Analysis.

CASE #3: ONLY shear stress due to the shear force at the worst flange joint

(#248) will be considered. Shear stress due to bending is assumed to be
zero (from Case #1).

Summary:
The allowable shear stress on a 3/4" Dia. A325 Bolt is 9300 psi.
The shear stress due to plate bending is zero.
The shear stress due to a maximum shear force is 708 psi.

Based on these calculations, the design is adequate:
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FRAME
STATIC ANALYSIS
STRUCTURAL DYNAMICS RESEARCH CORPORATION

FLANGE PLATE FOR CMEX

##%% SPACE FRAME ANALYSIS sw#x*

STRAIGHT BEAMS
FORE END AFT END MATERTAL, SECTION ROTATTON

BEAM  LENGTH JOINT JOINT CODE CODE ANGLE TEMP .
1 1.75 1 2 1 2
2 1.25 2 3 1 2
3 0.50 2 4 1 1
4 0.50 4 6 1 1
5 1.75 5 6 1 2
6 1.25 6 7 1 2

JOINT COORDINATES

JOINT X Y Y/
1 0.000 0.000 0.000
2 1.750 0.000 0.000
3 3.000 0.000 0.000
4 1.750 0.800 0.000
5 0.000 1.000 0.000
6 1.750 1.000 0.000
7 3.000 1.000 0.000

MATERTAL PROPERTIES

CODE E POISSON’S DENSITY THERMAL COEFFICIENT YIELD
1 30.0E+08 0.290 2.840E-01 2.010E-086 4 .600E+04
2 30.0E+06 0.280 2.840E-01 2.010E-06 3.600E+04

CROSS-SECTION PROPERTIES
MOMENTS OF INERTIA  SHEAR RATIC TORSION WARPING DEG.
CODE AREA VA Y Y 7 CONSTANT  CONSTANT FIX.
1 4.418E-01 1.553E-02 1.553E-02 1.13 1.13 3.108E-02 BoLy
2 1.200E+01 1.000E+00 1.440E+02 1.20 1.20 3.790E+00  =%ee\ Plate
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STATIC ANALYSIS
FLANGE PLATE FOR CMEX

STRESS RECOVERY VALUES

COMBINED POINT 1/3 POINT 2/4
CODE  STRESS  C(Y) C(2) R (EFF) c(Y) C(Z) R (EFF)
1 0 1.000 1.000 1.000

2 0o 1.000 1.000 1.000

TOTAL STRUCTURE WEIGHT/MASS = 2.057E+01

C.G. LOCATION: X = 1.502 Y = 0.500 Z = 0.000
SPECIFIED RESTRAINTS

JOINT DIRECTION VALUE

1 123456
5 1234566

. LOADING NO. 1: BEAM LOADING T8X6X3/16
APPLTED FORCES FINAL
JOINT DIR TYPE VALUE JOINT INC.
2 Y FORCE 2.990E+04

TOTAL APPLIED FORCES:

F(X) = 0.000E+00 F(Y) = 2.990E+04 F(Z) = 0.000E+00
MOMENTS ABOUT ORIGIN:
M(X) = 0.000E+00 M(Y) = O.000E+00 M(Z) = 5.233E+04




DEGREES OF FREEDOM = 30

-MAXTMUM BANDWIDTH = 18
~ AVERAGE BANDWIDTH = 10
PROFILE SIZE = 285
NUMBER OF JOINTS = 7 I
NUMBER OF ELEMENTS = 6
MAXIMUM JOINT NUMBER = 7
MAXTMUM ELEMENT NUMBER = 8
DTAGONAL ELEMENTS: AVERAGE = 5.745E+08 SMALLEST = 1.444E+08 ROW 17




FRAME

STATIC ANALYSIS

FLANGE PLATE FOR CMEX

UNITS USED FOR RESULTS:

UNITS FOR DISPLACEMENT ARE: IN

UNITS FCOR FORCE ARE: LB

UNITS FOR STRESS ARE: PSI

UNITS FOR STRATN ENERGY ARE: LB -IN

wx*x% LOADING NO.

JOINT

e e NV I/

JOINT DISPLACEMENTS

0.
8.
8.
-6.

o

-8.
-8.

MAXIMUM DISPLACE
4

X

OO0OE+C0
485E-06
485E-08
207E-05

.000E+00

485E-08
485E-085

HANOMNEO

Y

. OCOE+0Q0
.442E-03
.8643E-03
.071E-03
.CO0E+00
. Q04E-04
.281E-03

3

-6.207E-05 2.643E-03

JOINT REACTIONS

F(X)

F(Y)

-1.745E+03 -2.008E+04
1.745E+03 -9.825E+03

8.527E-14 -2.990E+04

MENTS

eRelsloNoNoNo)

0

0
0

Z

.O00E+00
. OO0E+00
.Q00E+00
.000E+00
-000E+00
.O00E+00
.O0CE+00

1
.000E+00

F(2)

.000E+00
.000E+00

.000E+00

1: BEAM LOADING T8X6X3/18

THETA (X)

CO000QO

.000E+00
.000E+00
.O00E+00
.OQ00E+00
. 000E+00O
. O00E+Q0
.O00E+00

1

. O00E+00

M)

.000E+00
.0O00E+00

.CO0E+00

STRUCTURAL DYNAMICS RESEARCH CORPORATTION

THETA(Y)  THETA(Z)
0.000E+00 O.000E+00
0.000E+00 §.B808E-04
0.000E+00 9.B808E-04
0.000E+00 2.442E-04
0.000E+00 0.000E+00
0.000E+00 4.642E-04
0.000E+00 4.642E-04
1 2
0.000E+00 9.608E-04
M(Y) M(Z)
0.000E+00 -3.403E+04
0.000E+00 —1.655E+04
0.000E+00 -5.059E+04
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STATIC ANALYSIS
FLANGE PLATE FOR CMEX
LOADING 1 - BEAM LOADING T8X6X3/16
SUMMATION OF FORCES AT JOINTS
JOINT: 1
BEAM F(X) F(Y) F(Z) MCD M(Y) M(Z)
1 -1.745E+03 -2.008E+04 O.000E+00 O.Q00E+00 O.O000E+00 -3.403E+04
JOINT: 2
BEAM F(O F(Y) F(Z) M) M{Y) M(Z)
1 1.74BE+03 2.008E+04 0.000E+00 O.000E+00 0.000E+00 -1.104E+03
2 O0.000E+00 -3.838E-12 O0.000E+00 0.000E+00 O.000E+00 -2.313E-12
3 -1.745E+03 9.825E+03 0.000E+00 0.000E+00 0O.O000E+00 1.104E403
0.000E+00 2.990E+04 O.000E+00Q0 0.000E+00 O.000E+00 0.000E+0Q0
JOINT: 3
BEAM F(X) F(Y) F(2) M M(Y) M(2Z)
2 O0.000E+00 3.638E-12 O0.000E+00 O.000E+00 O.O000E+00 -9.095E-13
JOINT: 4
BEAM F(O F(Y) F(Z) M(X) M(Y) M(Z)
3 1.745E+03 -9.825E+03 O0.000E+00 0.CO00E+00 0.000E+00 -2.313E+02
4 -1.745E+03 9.825E+03 O.000E+00 O0.000E+00 O0.000E+00 2.313E+02
0.000E+00 O.000E+00 O0.000E+00 O0.000E+00 0.000E+00 O.000E+00
JOINT: 5
BEAM F(X) F(Y) F(Z) M) M(Y) M(Z)
5 1.745E+03 ~9.82BE+03 0.000E+00 O0.000E+00 O.000E+00 -1.B855E+04
JOINT: B
BEAM F(X) F(Y) F(Z) M(X) M(Y) M(Z)
4 1.745E+03 -9.825E+03 O0.000E+00 O0.000E+00 O0.000E+00 6.412E+02
5 -1.745E+03 9.825E+03 0.000E+00 0.000E+00 0.000E+00 -6.412E+02
6 O5.684E-14 4.547E-13 0.000E+00 O.000E+00 O.000E+00 1.403E-13
5.684E-14 4.547E-13 O0.000E+00 O.000E+00 O.00OE+00 1.403E-13
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STATIC ANALYSIS
FLANGE PLATE FOR CMEX

LOADING 1 - BEAM LOADING T8X6X3/18

JOINT: 7
BEAM F(X) M)

6 -5.684FE-14 -4.547E-13 0.000E+00 0.000E+00 O.000E+00 —4.547E-13

F(Y) F(Z) M(Y) M(Z)

FORCES AND MOMENTS IN BEAMS

BEAM

JT.

e O bk AN WM NH

X

.745E+03
. 745E+03

. O0CE+00
. 000E+00

.825E+03
.825E+03

.82BE+03
.825E+03

.745E+03
. T4A5E+03

.684E-14
.684E-14

FORCES
Y

.O08E+04
.QO8E+04

2
2
3.638E-12
3.638E~12

.7T45E+03
. 745E+03

. 745E+03
. 745E+03

9.825E+03
9.825E+03

.547E-13
.547E-13

4

0.000E+00
0.000E+00

0.000E+00
0.000E+00

0.000E+00
0.000E+00

0.000E+00
0.000E+0Q0

0.00CE+00
0.00CE+00

0 .000E+00
0.000E+00

CO OO0 OO0 00 ©O ©OO0

X

.O00E+00
.O00E+00

.O00E+0Q0
. O00E+00

. OC0E+0Q0
. 0O00E+0Q0

.O00E+00
.000E+00

.CO0OE+00
. O00E+00

.000E+00
.000E+00

MOMENTS
Y

.O0O0E+00
. O00E+00

.000E+00
. 000E+00

.000E+00
-000E+00

.000E+00
.000E+00

. O00E+0C0
. O00E+Q0

.000E+00
. O00CE+00

o0 OO0 OO0 ©O ©O0O ©O©

Z

. 403E+C
. 104E4C

.313E-1
.09BE~1

. 104E+C
.313E+C

.313E+C
.412E+C

.B55E+0
.412E40

.403E-1
. 547E-1
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STATIC ANALYSIS
FLANGE PLATE FOR CMEX
LOADING 1 - BEAM LOADING T8X8X3/18
STRESS CALCULATIONS
: T SHEAR Y SHEAR Z SHEAR STRESS
BEAM END PT. P/A Y BENDING Z BENDING COMBINED RATIO
1 FORE 1 0.CO00E+00 2.008E+03 0.000E+00
1.454E+02 0.000E+00 -3.403E+04 3.418E+04 0.74
2 FORE 1 0.000E+00 3. 638E-13‘ 0.000E+00
0.000E+00 -2.313E-12 2.313E-12 0.00
3 FORE 1 0.000E+Q0 0.000E+00
-2.224E+04 7.107E+04 9.331E+04 2.03
4  AFT 1 0.000E+00 0.000E+00
-2.224E+04 -4.129E+04 6 .353E+04 1.38
5 FORE 1 0.000E+00 9. 825E+02 0.000E+00
-1.454E+02 0.000E+00 -1.655E+04 1.670E+04 0.36
6 AFT 1 0.000E+O0 -4 ,547E-14 0.000E+00
-4.737E-15 0.000E+0Q0 4.547E-13 4 .595E-13 0.00
MAXTMUM STRESS = 9.331E+04 ON BEAM 3
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